Abstract A laboratory experiment was designed to determine the spectral characteristics of different types of sediment suspended in water in the visible and near infrared wavelengths (0.45-0.9 /xm) using a fourchannel radiometer. Field collected sediments were resuspended in water to produce different concentration levels for the measurement of radiance. Spectral measurements of turbid water showed a distinctive difference in the behaviour of radiance with change in the inorganic suspended sediment concentration and type. It was noted that the correlation between the suspended sediment concentration and the radiance varied with the mineral composition of the sediment. The clay minerals of low specific gravity had larger values of radiance than those from high specific gravity nonclay minerals. Based on the results obtained, it appears that an algorithm to estimate suspended sediment concentration can be developed from radiance.
INTRODUCTION
Sediment load is an important environmental parameter used in determining water quality (Kuo & Cheng, 1978) . Various factors, such as basin geology, physiography, soils, chemical reactivity, hydrology and land use pattern, regulate the sediment load of river systems (Garrels et ai, 1975) . The
Open for discussion until 1 April 1995 transported sediment load can reflect the present quality of the basin and the historical development of various hydrological parameters (Subramanian, 1979) .
In recent years, investigators have found positive correlation between suspended sediment concentration and reflectance values recorded by a spectroradiometer in the visible and near infrared region of the electromagnetic spectrum (Blanchard & Learner, 1973; Merry, 1977; Whitlock etal, 1982; Ritchie & Schiebe, 1986; Novo etal, 1989a,b; Bhargava & Mariam, 1990) . Novo et al. (1989b) noted that the optimum observation angle at the visible and near infrared wavelengths for remote measurement of suspended sediment was nadir-pointing. They (Novo et al., 1989a) examined the effect of sediment type on the relationship between reflectance and suspended sediment concentration. Bhargava & Mariam (1991) observed that particle size plays a dominant role in affecting the reflectance characteristics of suspended sediment. Several linear models have been developed (Carpenter & Carpenter, 1983; Khorram & Cheshire, 1985; Rimmer etal., 1987; Ritchie & Cooper, 1988) . Munday & Alfoldi (1979) suggested a nonlinear model.
The absorption and scattering properties of sediment types affect water reflectance (Novo etal., 1989a) . Suspended sediment has greater absorption of radiation at longer wavelengths (Chen et al., 1991) . The suspended sediment concentration relationship with reflectance depends on many factors including physical and optical properties of the sediment type and sensor observation angle (Kuo & Cheng 1978; Hoyler, 1978; Chen et al., 1991) .
Previous investigators have studied the spectral behaviour of clay minerals, but nonclay minerals (silicates) have not been examined so deeply. There is a need to determine the type (clay and nonclay minerals) and quantity of suspended sediments to enhance the reliability of remotely sensed data used for water quality monitoring.
In this study, the spectral behaviour of different sediment types in water and their effect on the relationship between reflected radiance and suspended sediment concentration in a laboratory controlled environment were examined using an Exotech Radiometer, which is compatible with the Indian Remote Sensing Satellite-1A bandwidths.
EXPERIMENTAL METHODOLOGY
Different types of bed sediment (black and brown sediments) collected from the Tawa reservoir (Narmada basin) in Central India (Fig. 1) were used. The black and brown sediments were treated with hydrogen peroxide to remove organic matter. Ammonia was used as a dispersing agent so that no salt would develop in the fraction (Grim et al., 1949) . Sediments were sieved to obtain a 50 ^m particle size. The colour of the sediments was determined using Munsell colour charts (Munsell Soil Color Charts, 1975) . A sketch of the laboratory setup is shown in Fig. 2 . To restrict the amount of diffuse light, all measurements were made at night with an artificial irradiating light source of 1000 W (22 V 3200 lumen nr 2 (tungsten filament lamp adjusted to illuminate the tank uniformly from a zenith angle of 45° (Novo etal, 1991) .
A four-channel Exotech radiometer having almost the same spectral bands 1 to 4 as the Indian Remote Sensing Satellite-1A (i.e. 0. 45-0.51 [im, 0.515-0.585/xm, 0.61-0 .69 /xm and 0.76-0.9 /mi respectively) was used for the spectral measurements. The radiometer was in nadir position at 1 m height to avoid angle dependent variation in the detected radiance. The radiometric response was recorded in four spectral bands for water. The output corresponding to the input radiation was observed digitally in watts per square centimetre per steradian per micrometre (W cnr 2 Sr 1 ^nr 1 )-A secchi disc of 0.2 m diameter was painted white and black on alternate quadrants and was used to measure the extinction depth (Davies-Colley & Vant, 1988) . The average of two readings was used for the depth at which the disc disappeared during descending and reappeared during raising.
All measurements were conducted by adding a known quantity of sediment to distilled water in the tank whose inner walls and bottom panel were painted black and of size 0.5 x 0.5 x 0.75 m. Before each reading, the tank water was stirred to produce a uniform mixing of sediments. The radiometric measurements, secchi depth and collection of water samples were carried out simultaneously when the water became still. The bulk mineralogy of the suspended sediment was determined by using an X-ray difractograph with Cu-Ka radiation and Ni filter. The sediments were mounted by a drop-on-slide technique (Gibbs, 1967) and were uniformly spread on the glass slide to avoid differential settling of the particles. The mineral identification was done following the methods of Biscaye (1965) and Carrol (1970) . The particle size analysis of suspended sediments was done with a laser Fritsch Particle Sizer (model Analysette-22).
RESULTS AND DISCUSSION
The relationship between reflected radiance and suspended sediment concentration for black and brown sediments in the four bands is shown in Fig.  3 (a) and 3(b) respectively. It can be seen from the plot that there is no significant variation in the reflected radiance values with increase in concentration of black sediments in the wavelength range 0.45-0.58 /xm (bands 1 and 2). However, a trend in increasing reflected radiance with increasing suspended sediment concentration is observed in band 3 (0.61-0.68 /*m) between 30-74 mg 1', a peak is observed at 89 mg l" 1 and then a steep decline trend is seen at higher concentration (104 mg 1'). In the near infrared a similar trend is observed, with less spectral response, however, than in band 3 because in the near infrared most of the incident energy is absorbed at the water surface and very little energy is reflected. On the other hand, the brown sediments exhibit a moderate increase in reflected radiance values in all four bands in the 80 to 140 mg 1 ' concentration range and then a steep decline at higher concentrations (> 140 mg l 1 ). It is clear from the plots (Fig. 3(a) & 3(b) ) that, at the low concentration range (34-140 mg f 1 ), black sediment reflects more energy in all four bands than at a relatively high concentration range (80-200 mg I" 1 ) of brown sediments. A small increase in sediment concentration does not show any appreciable increase in the reflected radiance. It can be stated that, as the particulate concentration increases, the reflected radiance increases. The increase in reflected radiance is different for black and brown sediments. Novo et al. (1989a) suggested that the finer particles scatter while the coarse particles absorb, producing low and insignificant correlations in the blue wavelength. The particle size analysis for black and brown sediment is given in Table 1 , which indicates the dominance of the particle size of 28 jtxm in both black and brown sediments and the higher percentage of < 10 /xm size observed in black sediments compared with brown sediments. It is expected that the effect of particle size should be greater for black rather than for brown sediments for reflectance relating to suspended sediment concentration. Novo et al. (1989a) and Witte et al. (1982) suggested that the mineralogy and colour of sediments affect the relationship between suspended sediment concentration and reflectance. The mineral composition and specific gravity of the black and brown sediments are given in Table 2 which indicates that the clay and nonclay minerals are dominant in black and brown sediments respectively. It appears that a high percentage (59%) of fine clay minerals in black sediments results in a consistent increase in the reflected radiance in the 0.61-0.9 jtm wavelength range ( Fig. 3(a) ) (McKim et al., 1984) , whereas a high percentage (83%) of nonclay (siliceous) minerals present in the brown sediments produces a gentle increase (Fig. 3(b) ) in the reflected radiance in all four wavelength bands (0.45-0.9 ^im) (Merry, 1977) . This indicates that black sediment with clay minerals produces higher radiance values at a low concentration range (34-104 mg l" 1 ) compared to low radiance values at relatively high concentration ranges (80-200 mg 1"' ) by nonclay minerals in brown sediments. One of the reasons may be the specific gravity of the minerals, which are 1.9 (montmorillonite) and 2.65 (quartz), of the major clay and nonclay minerals (Table 2) , since clay minerals with a comparatively low specific gravity produce higher radiances than the nonclay minerals (Bhargava & Mariam, 1990) . The spectral responses for black and brown sediment were in agreement with work reported elsewhere, which indicates that a strong relationship exists (Fig 3(a) & 3(b) ) between suspended sediment concentration and reflected radiance (Curran etal., 1987) . The fine clay minerals of black sediments exhibit a higher reflection than nonclay minerals of brown sediment which is in agreement with Bhargava & Mariam (1991) , but this effect was less in longer wavelength response values since reflected radiance dropped in the near infrared (band 4) at high sediment concentration (Choubey & Subramanian, 1991) .
A least squares regression procedure was used to quantify the relationship between reflected radiance and suspended sediment concentration of both types of sediments in the four spectral bands. The linear relationships between reflected radiance and suspended sediment concentration for black and brown sediment are shown in Fig. 4 when concentration values 160 and 200 mg l" 1 (above the saturation limit) were excluded from the regression analysis.
There is good agreement among investigators on the optimum wavelength to be used for the estimation of suspended sediment concentration. For the sediment concentration range used in this study the near infrared wavelength band 4 (0.76-0.9 /xm) was judged best for the quantification of the suspended sediment concentration range of 34-200 mg f ' for both types of sediments under the given laboratory conditions. The values of function coefficients, correlation coefficient, and standard error for linear regression are given in Table 3 . The best linear equations (band 4) for black and brown sediments are:
where Y m is the reflected radiance for black sediments; Y Dr is the reflected radiance for brown sediments; X Bl is the suspended black sediment concentration; and X Br is the suspended brown sediment concentration. 
SECCHI DEPTH (Extinction depth)
Water quality in the form of the water transparency in the visual region is very important for hydro-optical investigations (Lindell et al., 1985) . Absorption and scattering processes determine the water transparency and light penetration depth which are primarily controlled by suspended load (Yarger et al., 1973) . A plot of secchi depth against suspended sediment concentration (Fig. 5 ) shows a steep linear decline in water with brown sediments, whereas black sediments produce a hyperbolic curve. This indicates that secchi depth is inversely related with suspended sediment concentration.
The relationships between radiance and secchi depth for black and brown sediments are shown in Fig. 6 (a) & 6(b) respectively. The general trend of the relative responses for various secchi depths indicates that as the secchi depth value increases, there is a decrease in the radiance value. Bands 3 and 4 show a consistent downward trend in secchi depth between 0.28-0.54 m and 0.42-0.54 m for black and brown sediments respectively. The secchi depth of 0.54 m is a maximum in this experiment and corresponds to a minimum sediment concentration of 34 mg l" 1 and 80 mg l" 1 for black and brown sediments respectively. However, at a 0.54 m secchi depth, black sediment (34 mg V) reflects more incident energy that brown sediment (80 mg 1"' ) in all wavelength bands. This may be due to changes in particle size, colour and mineral composition of both types of sediments.
The abundance of siliceous materials in brown sediments reflects a gradual declining trend, whereas black sediments with a high percentage of fine grain clay minerals, show a sharp downward trend. The effective optical depth of water is reduced with increasing concentration of both types of sediments. The sharp downward trend was observed in band 3 and in the near infrared region (band 4) and attains a saturation limit at 0.28 m and 0.42 m for black and brown sediment respectively (Fig. 6(a) & 6(b) ). Similar saturation limits are observed during spectral measurements of black and brown sediments in water under given laboratory conditions at 89 mg l" 1 and 140 mg 1 ' sediment concentration respectively (Fig. 3(a) & 3(b) ). This indicates that the spectral measurement of secchi depth in water is feasible for secchi depths up to 0.28 m (89 mg l 1 black sediment concentration) and 0.42 m (140 mg l" 1 brown sediment concentration), depending on the colour of the sediment (Blanchard & Learner, 1973) .
CONCLUSIONS
Laboratory studies have shown that the intensity and spectral distribution of radiance vary with suspended sediment concentration, particle size and mineralogical composition. On the basis of the results obtained for this study, it can be concluded: as the suspended sediment concentration increases, the radiance increases in the 34-140 mg l 1 range; as the secchi depth measurement of light extinction decreases, the radiance increases; the radiances in the visible (0.4-0.7 fxm) and near infrared region (0.8-0.9 ^im) are well correlated with suspended sediment concentration and hence these optimum wavelength bands can be explored for the quantification of water quality parameters; the reflected radiance is affected by the mineral composition and concentration of the sediment type. This last observation may, on the one hand, allow for remote determination of sediment type; on the other hand, this phenomenon might lead to severe uncertainties about suspended sediment concentration being remotely estimated when the sediment type is unknown.
